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Abstract
We use a variety of experimental techniques to characterize Cu clusters on bulk MoS2 formed via
physical vapor deposition of Cu in ultrahigh vacuum, at temperatures ranging from 300 K to 900
K. We find that large facetted clusters grow at elevated temperatures, using high Cu exposures. The
cluster size distribution is bimodal, and under some conditions, large clusters are surrounded by a
denuded zone. We propose that defect-mediated nucleation, and coarsening during deposition, are
both operative in this system. At 780 K, a surprising type of facetted cluster emerges, and at 900 K
this type predominates: pyramidal clusters with a triangular base, exposing (311) planes as side
facets. This is a growth shape, rather than an equilibrium shape.
1. Introduction
Cu is a material of choice for microelectronic interconnects due to its low resistivity [1]. However, this
advantage can be nullified by surface scattering of electrons, which increases the electrical resistivity of Cu
when Cu film thickness drops below about 40 nm for most substrates. This currently limits the ability to
shrink Cu interconnects below this thickness [2]. Recently, the possibility has emerged of using
two-dimensional (2D) materials, such as transition metal dichalcogenides and graphene, as interfacial layers
at Cu interconnects. In particular, Shen et al have shown that Cu films interfaced with MoS2 show much
improved conductivity in the low-thickness regime, because scattering is reduced at the interface [3]. At the
same time, ultrathin physical barriers that impede Cu diffusion into dielectrics without increasing the
resistivity of the interconnect itself are highly desirable [4, 5]. MoS2 is also promising for that purpose,
making it a potential multifunctional component [3, 6].
The interaction of MoS2 with Cu is also important from the perspective of magnetic properties, where
the ability to induce and manipulate magnetic states in MoS2 opens the door to spintronics applications.
Here, Xia et al [7] have shown that MoS2 layers doped with Cu ions are ferromagnetic and display a high
Curie temperature, which is rather surprising given that Cu is non-magnetic, but is in accord with earlier
theoretical predictions [8, 9]. Other areas where the combination of Cu and MoS2 shows promise are
tribology (enhanced wear resistance) [10, 11], and electrocatalysis (hydrogen evolution reaction) [12].
A previous experimental study of the interaction between Cu and MoS2 focused on using
sulfur-impregnated bulk Cu as a substrate for growth of MoS2 [13]. That study demonstrated the ability to
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grow large, well-ordered, monolayer islands of MoS2. In this paper, we take the opposite approach and use
the (0001) surface of bulk MoS2 as a substrate for growth of Cu. We include data from depositions carried
out at high deposition temperature (Tdep) of 600–900 K, and high exposures. We find that these conditions
produce surprisingly large, numerous, and facetted Cu structures. One such facetted structure is particularly
unexpected—a triangular pyramid with unanticipated side facets which are not low-index Cu crystal
planes. We propose that this structure forms because it has a particularly good epitaxial match with the
substrate.
Elsewhere, we report a comprehensive study in which density functional theory (DFT) is used to analyze
adsorption, intercalation, diffusion, and adhesion in this system [14]. In the present paper, we draw upon
some of those DFT results. Specifically, the adsorption energy of a Cu atom is used to estimate its residence
time before desorption; the lower limit of the diffusion barrier is used to estimate the distance that an atom
can travel during its residence; and the adhesion energy between Cu(111) and MoS2(0001), together with
Cu surface energies, is used to determine the equilibrium crystal shape of a supported Cu nanoparticle.
This paper is organized as follows. Experimental methods and MoS2 sample characterization are
described briefly in section 2, with further details available in the supplemental information (SI).
Experimental results are presented in section 3. A discussion and concluding remarks comprise sections 4
and 5, respectively.
2. Experimental methods and MoS2 sample characterization
All Cu depositions, and all subsequent XPS and STM experiments, were carried out in a single Omicron
ultrahigh vacuum (UHV) chamber. Scanning electron microscopy (SEM), energy dispersive spectroscopy
(EDS), and atomic force microscopy (AFM) experiments were carried out after the sample was prepared in
UHV and transferred to the appropriate instrument in air. Details of the instrumentation, sample
preparation, and analysis procedures are given in the SI. Here we provide some of the most pertinent and
unique details.
The MoS2 (molybdenite) specimens were naturally-occurring shards purchased from SPI Supplies,
about 0.5 mm thick. They were cut with scissors into smaller pieces, each with an area of approximately
8 mm × 8 mm, suitable for mounting on the UHV sample stage. When each sample was first used, it was
outgassed in UHV at 625 K for several hours. Prior to each subsequent experiment, the sample surface was
regenerated by cleavage with Scotch tape in air, and then re-placed in the UHV chamber, where it was
outgassed at 625 K for 20 min. Neither XPS nor EDS showed any detectable impurities on the MoS2 surface
after this treatment. Results from x-ray diffraction (XRD) of the MoS2 sample are consistent with the
expected 2H phase, both initially and after Cu deposition at 900 K, although the co-existence of the 3R
phase cannot be completely ruled out. XPS also showed no detectable loss of sulfur from clean MoS2 upon
heating, even to 900 K, consistent with earlier reports on the thermal stability of bulk MoS2 [15, 16]. Upon
heating, the core levels underwent a rigid shift to lower binding energy (BE), which has been previously
attributed to the generation of defect states in the band gap [16]. The XPS, EDS, and XRD data are
provided in the SI. In summary, annealing to 900 K does not induce chemical state or stoichiometry change
in bulk MoS2.
This paper shows data from different samples, acquired with different instruments. Orientations of
features, particularly pyramidal clusters, cannot be compared across images.
Cu was deposited from a Mantis QUAD-EV-C Mini e-beam evaporator, typically operated at 31–34
watts (accelerating voltage 2 kV). This resulted in a flux of 11 ± 1 monolayers (ML) of Cu per minute,
equivalent to 2.3 ± 0.2 nm min−1, based on analysis of Cu coverage after fixed deposition time at 300 K.
(Here, one Cu ML is assigned the density of Cu atoms in a (111) plane of bulk Cu.) Most Cu depositions
lasted either 30 s corresponding to integrated flux or exposure (ε) of 5.5 ± 0.5 ML, or 25 min
corresponding to ε = 280 ± 30 ML.
3. Experimental results
3.1. Clean MoS2 surface
MoS2 is comprised of S–Mo–S trilayers (TLs) in which atoms are bound by covalent-ionic bonds, and
trilayers are bound to each other by van der Waals forces. In each TL, a Mo monolayer is bracketed by S
monolayers. The (0001) surface of MoS2 thus presents an S monolayer at the top of a TL. Figure 1(a) shows
an STM image of the initial clean surface, where the dark spots correspond to defects, which generally have
widths of 2–4 nm at the top rim, and depths of 1–2 TLs. The density of all defects is (6.0 ± 0.1) ×
103 μm−2 in this experiment. However, in another experiment some regions of the surface exhibit
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Figure 1. Topographic STM images of clean MoS2, and of MoS2 after Cu deposition at 300 K. (a) Clean MoS2. Dark spots are
defects. Tunneling conditions are: V tip = 0.25 V, I = 0.33 nA. (b, c) STM images obtained at different magnifications, following
deposition of Cu at 300 K with ε= 5.5 Cu ML. Tunneling conditions are: V tip =−2.1 V, I = 0.26 nA. (d, e) STM images from a
separate experiment at Tdep = 300 K, under conditions nominally identical to (b, c), except tunneling conditions are V tip =−2.0
V, I = 0.17 nA. The white oval in (d) highlights two clusters that have apparently merged. The diagonal stripes in (e) are noise.
(c’ and e’) Profiles corresponding to horizontal lines in panels (c) and (e), respectively. Blue profiles are displaced vertically for
clarity.
Table 1. Summary of densities, sizes, and shapes of major features observed in SEM and STM. Widths are approximate. The
phrase ‘polyhedron-like’ means that in the SEM images, some clusters resemble regular polyhedra such as octahedra or prisms. For
comparison, the density of defects on the clean MoS2 surface is 6 × 103 μm−2.
Tdep N isl (μm−2) Width (nm) Shape descriptions
300 K (2.7 ± 0.3) × 103 10–40 Slightly round-top, with hexagonal + triangular footprints
625 K 13 ± 0.5 100–500 Irregular facetted + rounded
700 K 2.6 ± 0.1 200–500 Irregular facetted + rounded
780 K 0.50 Large clusters: 100–1000 Large clusters: irregular facetted + polyhedron-like + rounded (rare)
2.8 Small clusters: 50–300 Small clusters: pyramidal
900 K 0.08 ± 0.01 1000–3000 Pyramidal + truncated pyramidal + other polyhedron-like
significantly lower defect density. Elsewhere, Addou et al [17] showed a similar density of defects (in their
figure 1(a)) immediately after exfoliation of naturally-occurring bulk MoS2, without heating, though they
also reported heterogeneity in defect distribution. We believe that a density of 6 × 103 μm−2 is
representative of the majority of the surface and we use this value going forward. As noted in section 2,
annealing at 900 K does not induce structural, chemical state or stoichiometry change in these bulk MoS2
samples.
3.2. Morphology of Cu films from 300 to 900 K
When Cu is deposited on the MoS2 surface at Tdep = 300 K for 30 s (figures 1(b)–(f)), it forms a dense
array of islands that are roughly 10 to 40 nm wide and 1.5 to 4 nm tall; hence these islands are rather flat or
quasi-2D. Many exhibit triangular or hexagonal footprints and slightly rounded tops. The density of islands
is about half that of defects (table 1), indicating that nucleation is heterogeneous at Tdep = 300 K. The
island density may be diminished somewhat by growth coalescence; some shapes, such as the one encircled
in figure 1(e), reveal that merging has occurred.
Deposition at 625 K for a much longer time, 25 min, produces many clusters with irregular shapes
(figures 2(a)–(c)). While facets are often visible, the overall shapes are usually irregular or rounded. The
density is at least two orders of magnitude smaller, 13 ± 0.5 μm−2, than for deposition at 300 K. This
3
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Figure 2. SEM images of Cu clusters on MoS2, at different magnifications and different Tdep, with ε= 280 Cu ML. Imaging
mode is secondary electrons in all panels except (g), (i), and (l), where backscattered electrons are collected. Note that the image
in panel (l) comes from a different deposition experiment than (j, k), but conditions are nominally identical. The arrow in (h)
points to a large cluster surrounded by a denuded zone. The head of the arrow is directly below a polyhedron-like (specifically,
octagon-like) cluster. Inset in (h) magnifies a region containing only pyramidal clusters. Ovals in (i) highlight regions of fivefold
symmetry (twinning).
suggests coarsening during deposition and/or a drop in the number of active nucleation sites at elevated
Tdep.
As the deposition temperature increases (figure 2) at constant deposition time, the size of the largest Cu
clusters increases and density falls further. This is evident by comparing the SEM images at lowest
magnification, i.e. the images in the left-hand column of figure 2. Sizes and densities are compiled in
table 1. Cluster shapes go from being rounded, or facetted but irregular, to resembling regular polyhedra.
This progression in shapes is evident by comparing the SEM images at highest magnification, i.e. the images
in the right-hand column of figure 2. Twinning (manifest as local five-fold symmetry [18, 19]) is common
in the low range of Tdep, but rare at 900 K.
One type of polyhedron-like shape—the pyramidal shape with a triangular base—emerges as small
clusters at 780 K, where it coexists with much larger, irregular polyhedral shapes (figure 2(h)). The
pyramids (including truncated pyramids) become dominant and large at 900 K (figures 2(j)–(l)). The area
histogram in figure 3(c), for Tdep = 780 K, shows the small pyramidal clusters exist in a separate peak from
the large clusters. (Actually, there are separate populations for lower Tdep as well, as shown in figures 3(a)
and (b).) This bimodal distribution of cluster sizes may originate from coarsening during deposition, with
small clusters reflecting direct nucleation and growth, and larger clusters reflecting coarsening. This is
discussed more fully in section 4.
The spatial distributions of small pyramidal clusters at 780 K are strikingly heterogeneous. As shown in
figure 2(h), there are often denuded zones surrounding the large clusters, while the pyramidal clusters
group in regions that are more distant from large clusters. This also suggests that the pyramidal clusters
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Figure 3. Cluster area distributions from SEM images such as those in figure 2, at different Tdep: (a) 625 K; (b) 700 K; (c) 780 K.
In each pair of panels, the top histogram shows a fine bin size = 6.84 × 10−5 μm2 at cluster areas up to 0.02 μm2, which reveals
the structure in the histogram best for small cluster areas. The bottom panel shows a coarser bin size = 2.05 × 10−2 μm2 at
cluster areas up to 1.0 μm2, which reveals structure better for large cluster areas. In the bottom panel of (c), counts at cluster
areas below 0.08 μm2 are truncated to facilitate viewing the higher area range.
nearby large islands are consumed by coarsening. The following subsection analyzes the shapes of these
pyramids.
3.3. Shapes of the pyramids
We assume that the base of each pyramid is a (111) plane of fcc Cu, related to the underlying MoS2 by a
(5 × 5)Cu(111)/(4 × 4)2H-MoS2(0001) coincidence lattice. This is the same as the interface structure
proposed by Kim et al, in their study of MoS2 on Cu [13]. It is supported by their observation of a moiré
pattern with the expected periodicity [13]. In this structure, the Cu lattice is strained by only a small
amount: −1.1% based on lattice constants in the literature, or by +0.4% to −0.6% based on lattice
constants from DFT, depending on the configuration of Cu used as the reference point [20]. An obvious
possibility is that the sides of the pyramids are also (111) planes, which would make the pyramids
tetrahedral.
The 3D shapes of the pyramids are shown in figure 4, measured by using both STM and AFM. For
comparison, the idealized geometry of a tetrahedral pyramid (i.e. a pyramid with (111) planes as side
facets) is shown in figure 4(a). It can be seen that a profile through points BAE would trace out an
asymmetric shape with angles of 55◦ and 71◦ at the base (figure 4)(b). However, the angles measured for the
Cu/MoS2 pyramids deviate strongly from these tetrahedral angles. For instance, at Tdep = 900 K the average
smaller angle is ∝avsm = 15.7◦ ± 0.5◦, and ∝avlg = 28.5◦ ± 1.4◦. In fact, these measured angles agree well
with ideal angles if the three side facets are (311) planes, in which case ∝idealsm = 15.8◦ and ∝ideallg = 29.5◦.
Line profiles drawn along the other two edges of pyramids such as those in figures 4(e) and (g) confirm that
all three faces are (311) planes.
We have also considered possible geometries in which the base remains a (111) plane, but the three side
facets are other low-index planes with reasonably low surface energies: (221), (331), or (100). All can be
ruled out on the basis of the measured angles, as shown in the SI. Only the (311) plane is compatible with
the experimental data.
The clusters in figure 4 span more than an order of magnitude in size—from a width of 0.2 μm in
figure 4(c) to 3 μm in figure 4(g). Comparison indicates that as they become larger, pyramids become more
perfect—their profiles become smoother, horizontal edges become more linear, and side facets become
better aligned with (311) planes.
In all cases, the side of the profile associated with the smaller angle has a near-vertical base. Sometimes
the other side does as well. This may reflect an overhang on the side of the pyramid, creating an empty
space that is impenetrable with a conventional scanning probe. The near-vertical portion of the profile
would then represent the contour of the side of the tip as it touches and rises above the overhang, appearing
near-vertical on the length scales of these profiles.
3.4. Comparison with equilibrium crystal shape
The pyramidal shape can be compared with the equilibrium crystal shape of Cu on MoS2. Assuming (as
above) that the cluster’s base is an fcc(111) facet, the equilibrium shape is determined by a Winterbottom
analysis [21] (also attributed to Kaishew [22, 23]) which takes the unsupported fcc Cu Wulff shape and
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Figure 4. Shapes of pyramidal clusters. (a) Ideal shape of a tetrahedron, with BCD as the base and blue triangle BAE drawn as a
cross-section. (b) Ideal profile of a tetrahedron, defined by the blue triangle in panel (a). (c) STM topographic image of a
pyramidal island, prepared at Tdep = 780 K and ε= 5.5 Cu ML. Inset shows a semi-3D perspective. Tunneling conditions are
V tip =+0.55 V and I = 0.9 nA. (d) Profile along the straight line in panel (c). (e) AFM topographic image of a pyramidal island,
prepared at Tdep = 780 K and ε= 280 Cu ML. Inset shows a semi-3D perspective. (f) Profile along the straight line in panel (e).
(g) AFM topographic image of a pyramidal island, prepared at Tdep = 900 K and ε= 280 Cu ML. Inset shows a semi-3D
perspective. (h) Profile along the straight line in panel (g).
Figure 5. Schematics of an equilibrated Cu cluster supported on MoS2. (a) Top view. (b) Side view. In both panels, blue indicates
the Cu cluster above the MoS2 substrate, and red indicates the region of the freestanding cluster that is truncated in the
Winterbottom construction. Darker shades indicate facets with higher (less-favorable) γ.
removes (truncates) a slice parallel to a fcc(111) facet. The extent of truncation is determined by the
adhesion energy (β) between Cu(111) and MoS2(0001), and the surface energy (γ) of Cu(111), γ111. The
procedure is described more fully elsewhere [20, 24]. We use the value β = 0.874 J m−2 calculated with the
van der Waals density functional (vdW-DF) known as vdW-DF2-B86R [14, 25], for the above-mentioned
(5 × 5)Cu(111)/(4 × 4)2h-MoS2(0001) coincidence lattice. Values of γ111 and γ’s for the six other
most-favorable low-index surfaces of fcc Cu, are available from DFT, calculated with the
Perdew–Burke–Ernzerhof (PBE) functional [26]. The ratio of cohesive energies of a bulk Cu atom with
vdW-DF2-B86R to PBE functional is 1.04. To make these γ values more consistent with β, we use this ratio
to rescale them. The result is the shape shown in figure 5, where blue denotes the actual supported cluster
and red denotes the truncated region. The aspect ratio (width:height) of the supported cluster is 1.7, which
is much smaller than the aspect ratio of the pyramids (∼4 from figure 4(h)). This demonstrates that the
pyramids are far from equilibrated. Figure 5 also indicates the different facets present in the equilibrium
shape, including the (311) facets (which make only a minor contribution to the total area). The top facet of
the equilibrium shape is a flat, hexagonal (111) face. This provides additional strong evidence that the
pyramids, with their pointed tops, are not equilibrated. Hence, pyramids must result from growth kinetics,
i.e. they represent a growth shape (and the same is true of the irregular clusters).
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Figure 6. Wagner plot of the kinetic energy of the most intense Cu Auger peak vs the most intense Cu XPS peak.
Figure 7. XPS spectral intensity of Cu 2p after deposition of Cu on MoS2. Deposition times are all 30 s (ε= 5.5 Cu ML) except
for 900 K, where deposition time is 5 min (ε= 55 Cu ML).
3.5. Chemical state of Cu
The chemical state of Cu can be difficult to determine from XPS alone due to negligible chemical shifts in
some Cu compounds, but it can be assessed by combining Auger and XPS data in a Wagner plot [27], which
is a graphical display of the kinetic energy (KE) of the sharpest Auger line versus the BE of the most intense
photoelectron line. Figure 6 shows a Wagner plot that includes known compounds of Cu, plus our
experimental data for Tdep = 300 K and 900 K. The experimental data points are very close to the reference
point for metallic Cu. They are well separated from the reference points for a selection of other Cu
compounds, including copper sulfides. This analysis shows that Cu exists in the metallic state when 300 K 
Tdep  900 K. Elemental mapping by EDS (shown in SI), reveals that the clusters are pure Cu and the
regions between them are pure MoS2, i.e. there is no elemental intermixing. Both types of data indicate
there is no chemical reaction of Cu with MoS2 at the deposition temperatures of interest.
3.6. Effect of Tdep on coverage
XPS data provides further information about the effect of Tdep. Figure 7 shows the Cu 2p XPS peak
intensity as a function of increasing Tdep. The data are obtained after short Cu depositions, with one
exception as noted in the caption. The Cu 2p3/2 BE occurs at 932.9 ± 0.1 eV and is invariant with
temperature, as is the peak shape and full-width at half-maximum (FWHM).
The Cu XPS intensity is determined by a convolution of Cu coverage and Cu morphology, both of which
can change with temperature, e.g. due to desorption or coarsening [28]. Nonetheless, it can be safely
concluded from the data in figure 7 that the amount of Cu on the surface decreases with increasing
temperature, reaching low values at 700 K, after short depositions. This is due to desorption of Cu. In
support, our DFT shows that the adsorption energy of a single Cu atom at the most favorable site on MoS2
is 1.485 eV [14], which corresponds to a residence time on the order of 10−2 s at 700 K. This is discussed
more fully in section 4.
The conclusion that desorption is rapid at 700 K may seem to contradict observations of large facetted
Cu clusters on the MoS2 surface following deposition at this temperature and above. However, it is
important to note that these XPS data were obtained after short deposition times where the Cu atoms
primarily interact with clean MoS2. In section 5, we will argue that once Cu clusters nucleate, they serve as
stable traps for incident Cu atoms, leading to large Cu clusters after long deposition times. In other words,
7
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Table 2. Estimated adsorption lifetime τ , and RMS diffusion length λτ , calculated from Eads =−1.485 eV and Ediff = 0.143 eV [14], for
different Tdep. Values are given to one significant figure. The calculations assume a common prefactor of 1012.5 s−1 for desorption and
diffusion. For comparison, an approximate characteristic length, L, between Cu islands is derived from the SEM-based densities N isl in
table 1 using L = N isl−1/2.
Tdep (K) τ (s) λτ (μm) L (μm)
625 3 × 10−1 200 0.3
700 2 × 10−2 50 0.6
900 7 × 10−5 4 4
the condensation coefficient [29] is initially small, but increases with increasing Cu coverage. This is why
long deposition times (high ε) are necessary at high Tdep.
4. Discussion
This paper mainly reports empirical observations of Cu growth on MoS2, some of which are quite
surprising. The observation of large, facetted Cu clusters after growth at high temperatures might be
anticipated given behavior in other metal heteroepitaxial growth systems [30, 31], but the development of
pyramidal clusters with (311) side facets is unexpected. Other important observations are the bimodal size
distributions, denuded zones around large clusters, and evidence of a low condensation coefficient at
growth temperatures. This section includes speculation about phenomena that may underlie and link the
experimental observations. However, growth is undoubtedly governed by a complex and interrelated set of
processes (adsorption, desorption, diffusion of various types, nucleation, cluster reorganization,
coarsening). Quantitative modeling is a major project, deferred to future work.
4.1. Role of Cu desorption from the MoS2 surface
The faceted clusters form under conditions where there is rapid desorption of atomic Cu from the MoS2
surface, based both on XPS and on DFT. Rapid desorption of Cu from MoS2 above 600 K is also supported
by calculations of the adsorption lifetime, τ , based on the adsorption energy of −1.485 eV [14] and
assuming a pre-exponential factor of 1012.5 s. Some values are tabulated in table 2, showing that τ is very
short (well below 1 s) above 600 K. Nonetheless, Cu clusters form because after some Cu islands nucleate,
they grow and become traps for impinging or diffusing Cu atoms; Cu incorporated in these clusters is stable
against desorption, which begins around 900 K for Cu on Cu [28, 32]. Hence, in the limit of zero Cu
coverage, where the dynamics are limited by the interaction of Cu with clean MoS2, the coverage of Cu is
very low. However, a few Cu clusters nucleate and as they do, the condensation coefficient of Cu increases,
leading eventually to the development of large clusters shown in figure 2.
To test this picture, we have calculated the root-mean-square (RMS) diffusion length λτ = 2(Dτ)1/2,
where D is the diffusion coefficient, from DFT energies [14]. The diffusion barrier being used to calculate
λτ is an approximation to the true barrier [14], and real values of λτ may be somewhat shorter. The results
are shown in table 2, which includes characteristic separations between Cu clusters obtained from
experiment. It is clear that even though adsorption lifetimes are short, the lifetimes are still long enough for
the diffusing Cu atoms to reach a nearby existing Cu cluster on the MoS2 surface, before desorption.
4.2. Defects and coarsening
At 300 K, the correspondence between defect density and cluster density strongly suggests that nucleation
is heterogeneous. As temperature increases, cluster density falls. This could be due to a decrease in the
number of defects that are active for nucleation, or the onset of coarsening during deposition, or both.
Coarsening can account for other features of the data as well: denuded zones around large clusters at 780 K
(figure 2(h)), and bimodal distributions of island sizes (figure 3; also see below). It is interesting that at
625 K and 700 K, cluster separations L are much shorter than the estimated diffusion length λτ (table 2). In
this context, it is appropriate to note that a common feature of ‘incomplete condensation’ (island formation
during deposition in the presence of limited desorption) either for homogeneous or heterogeneous
nucleation is that condensation starts off as incomplete (where the cluster separation, L, is above λτ ) and
ends up as complete (when L has dropped below λτ ) [29]. In this system presumably heterogeneous
nucleation dominates, but the number of defects that act as effective nucleation centers must be decreasing
with Tdep. Overall, it appears that both coarsening and defect-mediated nucleation are important
in this system.
There is precedent for bimodal size distributions in other growth systems, including metal/metal such as
Co/Cu(100) [33, 34], metal/oxide such as Pd/MgO [35], and quantum dots such as InAs/InP [36]. Bimodal
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distributions are generally attributed to the existence of competing pathways for island nucleation and/or
growth. In the case of Co/Cu(100), for instance, the two pathways are place-exchange-mediated nucleation
(replacement of Cu by Co in the substrate), and homogeneous nucleation of Co atoms [33, 34]. The former
tends to produce a large population of small islands, whereas the latter tends to produce
a narrower monomodal distribution of large islands [37]. In the case of InAs/InP, the bimodal distribution
is attributed to the abrupt appearance of 3D islands from a wetting layer, as is usual in Stranski–Krastanov
growth, vs continuous evolution of small features into well-developed 3D islands [36]. In the Pd/MgO
system, the small islands were originally attributed to secondary nucleation, although no evidence was
provided that the small islands formed after the large islands [35]. In our case, and possibly in the Pd/MgO
system, the bimodal distribution can be attributed to a combination of defect-mediated nucleation and
post-nucleation coarsening. The many defects provide traps for deposited Cu atoms, and thus sites for
heterogeneous nucleation. Clusters growing at such defects would have a monomodal distribution of sizes
corresponding to a distribution of capture zone areas for the various defects [38, 39]. However, especially at
higher Tdep where atoms can readily detach from Cu clusters, one anticipates a natural growth instability
wherein the larger clusters in the population tend to grow much faster by incorporating atoms detaching
from smaller clusters (a process also known as Ostwald ripening) [40–42]. The driving force is the lower
chemical potential of the larger clusters, as quantified by the Gibbs–Thompson relation. In fact, smaller
clusters at defects can potentially shrink and effectively disappear. This picture explains the existence of two
populations of clusters in our system, where the larger sizes result from the growth instability. At 780 K,
both populations are present in significant numbers. At 900 K, it appears that only the larger clusters
survive, having consumed most of the smaller clusters.
4.3. Pyramidal growth shapes
Another issue is the mechanism that leads to pyramidal growth shapes. The data show that below 780 K,
non-pyramidal irregular clusters dominate, and above 780 K, pyramidal clusters dominate, while the two
forms coexist at 780 K. We propose that the pyramids require a more perfect atomic Cu fcc order at the
interface with the MoS2 substrate than the irregular clusters, and that the formation of a long-range (111)
plane at this interface is an activated process, requiring higher temperature than the less-ordered interfaces
that underlie the irregular clusters. We propose that whether a small cluster develops into a pyramid or
another type of shape is contingent upon the activated formation of a base that has long-range epitaxy with
the substrate, which begins at 780 K under our conditions.
Assuming a perfect interface, clusters might be expected to develop as six-sided pyramids, reflecting the
six-fold symmetry of both the MoS2 surface plane and individual Cu(111) layers. In the simplest scenario,
the Cu pyramidal sides would alternate between (100) and (111) facets. Then, employing general concepts
from Frank’s model of crystal growth [31], if one type of side facet grows faster than the other, that type
will grow out and disappear, leaving a three-fold triangular pyramidal structure. This seems a plausible
scenario for the development of pyramids in the Cu/MoS2 system. However, this picture is incomplete, since
the observed pyramid sides are neither (100) nor (111) facets. Instead, one can think of the (311) planes as
being highly-stepped (111) surfaces that expose (100) microfacets, as shown in figure 8. The explanation for
the (311) slope selection must involve details of Cu mass transport up and down sides of pyramids with
various slopes and structures.
4.4. Comparisons with other systems
In general, 2D materials have much lower surface energies than metals, so the general expectation
(assuming that low surface energies translate to low adhesion energies) is that metals will grow as 3D
clusters (Volmer Weber growth) on these surfaces. Indeed, fundamental studies of metal growth show that
this expectation is generally met for metals grown on graphene [43] and graphite [44] in vacuum.
Fundamental studies of metal growth on transition metal dichalcogenides in vacuum are rarer, to date, but
they indicate a more complex scenario. In a comparative study of three metals on MoS2, Gong et al [45]
showed that Pd grows layer-by-layer followed by 3D clustering (Stranski–Krastanov growth), whereas Au
and Ag simply grow as 3D clusters. Strong Pd–S covalent interactions may account for the initial wetting
layer formed by Pd [46].
Some previous studies of metal growth on a 2D material have revealed the large, 3D, facetted types of
metal clusters observed in this work. Au islands with triangular bases were observed on the (0001) surface
of graphite, as well as pentagonal bipyramids [30]. Facetted crystallites of Pb on graphite have also been
analyzed in detail [31, 47]. But the relatively limited number of such observations is probably because other
fundamental studies have typically focused on room temperature deposition with lower fluxes. Our work is
somewhat unusual in focusing on higher-temperature deposition where desorption is active (incomplete
condensation), with relatively high flux and high exposures. The high flux and high exposures serve to build
up metal coverage even in the face of active desorption.
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Figure 8. Top-view (bird’s-eye view) schematics of a pyramid with a (111) base, bounded by side (100) planes (left), and by side
(311) planes (right). The bottom (111) layer is the same size in both cases, 22 atoms along each edge. All spheres indicate
identical Cu atoms. Red and beige colors indicate alternating lateral layers of the pyramidal structure.
5. Conclusions
When MoS2 is exposed to Cu at 300 K, the density of Cu clusters is comparable to the density of defects on
the clean MoS2 surface. At higher deposition temperatures, and with long deposition times (high Cu
exposures), Cu clusters are larger and less dense, and they often assume irregularly facetted or
polyhedron-like shapes which are far different than the equilibrium shape. One particular type of
polyhedron-like shape emerges at 780 K and predominates at 900 K: a pyramidal cluster with three (311)
planes as side facets. This shape may require activated formation of a well-ordered coincidence lattice as its
base. The condensation coefficient of Cu is small during deposition at elevated temperatures, but Cu
clusters act as traps for self-condensation. The Cu retains its metallic character at all temperatures
investigated; there is no reaction with the MoS2 substrate. The island area distribution is bimodal, and in
some cases large Cu clusters are surrounded by denuded zones. We propose that coarsening is operative
during growth at elevated temperatures, as well as defect-mediated nucleation.
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